Abstract: TiO 2 powders have been successfully synthesized using TiCl 4 and air as precursors by atmospheric pressure plasma jet (APPJ), which was powered by a near-square wave high voltage (H.V.) of 8 kV and a frequency of 20.8 kHz. The experiment was performed under the condition where working gas was air, the gas flow rate was 40 L/min, reaction positions to the plasma jet nozzle varied from 1 to 3 mm. TiO 2 powders were analyzed using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The chlorine contents of the TiO 2 powders are determined by the energy dispersive spectroscopy (EDS). Photocatalytic activities of the films were determined by the destruction of stearic acid layers, monitored using FT-IR spectroscopy. Results showed that crystallised TiO 2 anatase structure can be obtained at a temperature ranged from 150 °C to 250 °C. The effects of post-discharge plasma and deposition parameters have been studied with respect to the morphology of TiO 2 powders.
Introduction
Titanium dioxide has been extensively investigated and widely used in applications such as photocatalysis [1, 2] , solar cells [3, 4] , chemical sensors [5] , semiconductors and pigments [6] . In recent years, TiO 2 has become a promising photocatalyst which can photo-degrade a wide range of organic substances. This material has been fabricated by sol-gel [7, 8] , combustion flame [9] , sputtering and plasma CVD [10] [11] [12] . Although sol-gel method is regarded as a suitable method to produce ultra fine particle, it has a drawback: it needs further heat treatment to induce crystallization because amorphous TiO 2 has a little photocatalytic activity. As a result, the heat treatment would lead to particle agglomeration, grain growth and phase transformation. The sputtering method can prepare high quality TiO 2 ; however, it needs a great expanse and limited shape. Among all plasma processes used for producing TiO 2 powders, thermal or cold plasmas were the most widely studied. Kato et al [13] prepared an oxygen-deficient anatase TiO 2 powders by ICP plasmas. Nie et al [14] produced pure anatase TiO 2 powders via atmospheric dielectric barrier discharge plasmas. Compared with thermal plasmas, cold plasmas method seems to be more suitable to synthesize TiO 2 photocatalysts because anatase phase has been reported to be more effective than rutile phase for photocatalysis [15] .
In recent years, various atmospheric pressure plasma jets have been developed and characterized [16] [17] [18] . A number of review articles of this kind of plasma technique can be found in ref [19, 20] . In contrast to other atmospheric pressure plasmas, the jet is not confined by electrodes and its dimension can be adjusted from several centimeters down to sub-millimeter region, leading to the local treatment of 3D surfaces. Moreover, plasma jet can solve the compatibility of high plasma stability and efficient reaction chemistry in atmospheric plasmas. After igniting the plasma, the reactive species generated in the jet are blown out to a separate region, thus satisfying the requirements [21, 22] . Regarding the preparation of TiO 2 powders via APPJs, Oh et al [23] synthesized ultrafine titanium dioxide by DC plasma jet and they investigated the effect of additives on photocatalytic activity of titanium dioxide; however, DC plasma jet has to use the rare gas (Ar or He) as working gas at atmospheric pressure. If a plasma jet is operated with the use of air as feeding gas, it will be more desirable due to much decreasing in capital costs. In this paper, we report the preparation of TiO 2 powders from the reaction of titanium tetrachloride and air by atmospheric pressure plasma jet. The TiO 2 powders are shown to function as effective photocatalysts for the photo-degradation of layers of stearic acid. Figure 1 shows a schematic diagram of the experimental apparatus. It consists of two concentric electrodes through which the air and other gases flow. The inner brass high voltage (H.V.) electrode has a somewhat conical shape. The outer electrode, which is fabricated from aluminum, is used as the grounded electrode. The nozzle at the bottom of the grounded electrode is 3 mm in diameter, and the distance between the tip of the H.V. electrode and the nozzle is about 80 mm. The jet power supply source is capable of supplying a bipolar near-square wave output with 8 kV peak-to-peak voltage (U p ) at the a.c. frequency (f ac ) of 20.8 kHz. The plasma jet was typically operated at 600 W input power with a flow rate of 40 L/min of air, which was supplied by an air compressor. The TiCl 4 was used as the precursor for titanium atom. In order to avoid the reaction of TiCl 4 and water, contained in the air, the TiCl 4 was bubbled at room temperature by N 2 carrier gas flow, which was kept constant at 200 standard cubic centimeters per minute (sccm). The TiCl 4 was injected into plasma jet at different positions: 1 mm (P 1 ), 2 mm (P 2 ) and 3 mm (P 3 ) to the plasma nozzle.
Experimental

Results and Discussion
The electrical measurements are made via the Tektronix high voltage and current probes. A typical discharge current-voltage waveforms recorded with no plasmas and plasmas on (U p = 8 kV, f a.c. = 20.8 kHz) is displayed in Fig. 2 and 3 . With no plasmas, the applied voltage waveform is near-square shape and the corresponding current is the displacement current. With plasma on, the applied voltage waveforms change to the bipolar saw tooth shapes. In the discharge process, the applied voltage increases rapidly during 6 μs. After its peak value, the discharge voltage decreases slowly. The peak delay between the peak of the applied voltage and that of the discharge current is about 4 μs.
The gas temperature can affect the phase composition of TiO 2 , so it was determined by a thermocouple. Fig. 4 shows the gas temperature as functions of the distance to the plasma nozzle. When the distance rises from 1 mm to 4 mm, the gas temperature decreases from 430 °C to 140 °C. The temperature declines with increasing the dis tance to the plasma nozzle can be attributed to increasing gas radiation heating. X-ray diffraction (XRD, Rigaku, D/max -2200 PC, Japan) patterns of the TiO 2 synthesized at the different positions are shown in Fig. 5 . In the case of XRD measurements performed on TiO 2 sample P 1 , the observed peaks centered at 25.3, 36.9, 37.8, 38.6, 48.0, 53.9 and 55.1 (2θ), correspond to the anatase phase having the following orientation: (101), (103), (004), (112), (200), (105) and (211), respectively. If we looked into Fig. 5 (a) carefully, spectral intensity peaks centered at 27.5and 36.2 (2θ) due to rutile phase ((110) and (101)) can be identified. However, they are much smaller than those of the anatase phase, which means that the TiO 2 sample P 1 is composed of almost pure anatase phase. The XRD patterns of the powders obtained from sample P 2 and P 3 correspond to the anatase and amorphous phases. Compared with that of the TiO 2 sample P 1 , the anatase contents of sample P 2 and P 3 decrease, P 3 especially. The possible reason very likely comes from the effects of the reaction temperature. It has been reported in the literature that, the crystal lattice of titanium dioxide changes from the anatase structure to the amorphous structure, when the reaction temperature decreases from 525 °C to 260 °C [24] . Fig. 6 shows the particle morphologies of TiO 2 powders synthesized at different positions with a scanning electron microscope (SEM, Hitachi, s-4800, Japan). The grains in TiO 2 sample P1 are clubbed shapes, and those in both sample P2 and P3 are fairly spherical. The chlorine contents of the TiO 2 powders are determined by the energy dispersive spectroscopy (EDS) attached to the SEM, shown in Fig. 7 . For TiO 2 sample P1, only titanium and oxygen have been observed. For TiO 2 sample P2 and P3, the atomic percentages of Cl are 0.70 % and 0.99 % respectively. As mentioned above, when the distance to the plasma nozzle rises from 2 mm to 3 mm, the contents of the amorphous TiO 2 increase. It is known that the amorphous structure is a disordered structure, therefore more chlorine anions are absorbed on TiO 2 clusters, which results in the chlorine contents of the TiO 2 increase with increasing the distance to the plasma nozzle. Another possible reason for chlorine contamination for TiO 2 sample P2 and P3 is the incomplete conversion of the TiCl 4 precursor because both the reaction temperature and oxygen concentration decline with increasing the distance to the plasma nozzle [20] .
The photocatalytic activities of the samples were measured by testing the rate of degradation of stearic acid upon exposure to UV radiation (400 W, 254 nm). Up to now, several groups [25, 26] have used stearic acid as the test chemical because it is easy to use and identify by FTIR spectroscopy (C-H stretching peaks, 2800-3000 cm -1 ). The titanium dioxide suspension was prepared using 4 mg TiO 2 powder and 50 ml ethanol mixture by ultrasonic dispersion process. Drop 0.02 ml the suspension onto a glass slide with area 25 × 75 mm 2 . After evaporation of ethanol, the stearic acid was used to drop the same volume of 2.5 mg/ml methanol solution on the same position of the glass surface. During the dropping process, the glass slide was spun at 1000 rpm. Fig. 8 shows the photocatalytic behavior of the TiO 2 sample P1, P2, P3 and decomposition efficiency of stearic acid only via UV irradiation (as a control). It should be noted that, unlike the reports in the literatures [25, 26] , the UV light source can destruct the stearic acid at a low rate in this case, and measurement results of the photocatalytic activities mentioned above have been subtracted the destruction efficiency of the UV irradiation. It can be seen from Fig. 9 that all of the TiO 2 samples showed a good photocatalytic response to the stearic acid overlayers. The photocatalytic activity of the TiO 2 powders synthesized via plasma jet decreases with increasing the distance to the plasma nozzle. The results when coupled with XRD patterns suggest that the lower content of anatase in product powder results in the lower photocatalytic activity, which is agreement with the reports of the literature [1] .
Conclusion
Atmospheric air plasma jet was used to synthesize TiO 2 powders from TiCl 4 and air. It can be concluded that reaction positions can affect the characteristics of the TiO 2 powders. With increasing the distance to the plasma nozzle, anatase contents of the powders obtained decrease and the corresponding photoactivities decrease. The particle size and the chlorine contamination all raise when the reaction positions changed from 1 mm to 3 mm to the plasma nozzle. TiO 2 powders production via atmospheric air plasma jet reported here, exhibits many practical advantages such as low cost, easy to control and simple equipment for the discharge. 
